REPORT  DOCUMENTATION  PAGE 


Form  Approved  OMB  NO.  0704-0188 


The  public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions, 
searching  existing  data  sources,  gathering  and  maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments 
regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information,  including  suggesstions  for  reducing  this  burden,  to  Washington 
Headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington  VA,  22202-4302. 
Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  any  oenalty  for  failing  to  comply  with  a  collection  of 
information  if  it  does  not  display  a  currently  valid  OMB  control  number. 

PLEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ADDRESS. 

2.  REPORT  TYPE 

New  Reprint 


5c.  PROGRAM  ELEMENT  NUMBER 
611103 


5f.  WORK  UNIT  NUMBER 


12.  DISTRIBUTION  AVAILIBILITY  STATEMENT 
Approved  for  public  release;  distribution  is  unlimited. 

13.  SUPPLEMENTARY  NOTES 

The  views,  opinions  and/or  findings  contained  in  this  report  are  those  of  the  author(s)  and  should  not  contrued  as  an  official  Department 
of  the  Army  position,  policy  or  decision,  unless  so  designated  by  other  documentation. 

14.  ABSTRACT 

Time-resolved  photoluminescence  measurements  reveal  a  minority  carrier  lifetime  of  >412?ns  at  77?K  under  low 
excitation  for  a  long-wavelength  infrared  InAs/InAs0.72Sb0.28  type-II  superlattice  (T2SL).  This  lifetime  represents 
an  order-of-magnitude  increase  in  the  minority  carrier  lifetime  over  previously  reported  lifetimes  in 
long-wavelength  infrared  InAs/Gal-xInxSb  T2SLs.  The  considerably  longer  lifetime  is  attributed  to  a  reduction  of 
non-radiative  recombination  centers  with  the  removal  of  Ga  from  the  superlattice  structure.  This  lifetime 

15.  SUBJECT  TERMS 

III-V  semiconductors  ,  carrier  lifetime  ,  indium  compounds  ,  minority  carriers  ,  photoluminescence  ,  semiconductor  superlattices  , 
time  resolved  spectra 

17.  LIMITATION  OF  15.  NUMBER 

ABSTRACT  OF  PAGES 

UU 

Standard  Form  298  (Rev  8/98) 
Prescribed  by  ANSI  Std.  Z39. 1 8 


19a.  NAME  OF  RESPONSIBLE  PERSON 

Shun  Chuang _ 

19b.  TELEPHONE  NUMBER 
217-721-3031 


16.  SECURITY  CLASSIFICATION  OF: 


a.  REPORT 

b.  ABSTRACT 

c.  THIS  PAGE 

UU 

UU 

UU 

7.  PERFORMING  ORGANIZATION  NAMES  AND  ADDRESSES 

University  of  Illinois  -  Urhana 

Board  of  Trustees  of  the  University  of  Illinois 

1901  S  First  Street 

Champaign,  IL  61820  -7473 

9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND 
ADDRESS(ES) 

U.S.  Anny  Research  Office 
P.O.  Box  12211 

Research  Triangle  Park,  NC  27709-2211 


8.  PERFORMING  ORGANIZATION  REPORT 
NUMBER 


10.  SPONSOR/MONITOR'S  ACRONYM)  S) 
ARO 

11.  SPONSOR/MONITOR'S  REPORT 
NUMBER(S) 

58141  -EL-MUR.  1 5 


5d.  PROJECT  NUMBER 

5e.  TASK  NUMBER 


4.  TITLE  AND  SUBTITLE 

Significantly  improved  minority  carrier  lifetime  observed  in  a 
long-wavelength  infrared  III-V  type-II  superlattice  comprised  of 
InAs/InAsSb 


6.  AUTHORS 

E.  H.  Steenhergen,  B.  C.  Connelly,  G.  D.  Metcalfe,  H.  Shen,  M. 
Wraback,  D.  Lubyshev,  Y.  Qiu,  J.  M.  Fastenau,  A.  W.  K.  Liu,  S. 
Elhamri,  O.  O.  Cellek,  Y.-H.  Zhang 


3.  DATES  COVERED  (From  -  To) 

5a.  CONTRACT  NUMBER 

W91  INF-10-1-0524 _ 

5b.  GRANT  NUMBER 


1.  REPORT  DATE  (DD-MM-YYYY) 


Report  Title 

Significantly  improved  minority  carrier  lifetime  observed  in  a  long-wavelength  infrared  III-V  type-II  superlattice 
comprised  of  InAs/InAsSb 

ABSTRACT 

Time-resolved  photoluminescence  measurements  reveal  a  minority  carrier  lifetime  of  >412?ns  at  77?K  under  low 
excitation  for  a  long-wavelength  infrared  InAs/InAs0.72Sb0.28  type-II  superlattice  (T2SL).  This  lifetime  represents 
an  order-of-magnitude  increase  in  the  minority  carrier  lifetime  over  previously  reported  lifetimes  in  long-wavelength 
infrared  InAs/Gal-xInxSb  T2SLs.  The  considerably  longer  lifetime  is  attributed  to  a  reduction  of  non-radiative 
recombination  centers  with  the  removal  of  Ga  from  the  superlattice  structure.  This  lifetime  improvement  may  enable 
background  limited  T2SL  long-wavelength  infrared  photodetectors  at  higher  operating  temperatures. 


REPORT  DOCUMENTATION  PAGE  (SF298) 
(Continuation  Sheet) 


Continuation  for  Block  13 


ARO  Report  Number  58141. 15-EL-MUR 
Significantly  improved  minority  carrier  lifetime  ob 


Block  13:  Supplementary  Note 

©  201 1  .  Published  in  Applied  Physics  Letters,  Vol.  Ed.  0  99,  (25)  (2011),  ( (25).  DoD  Components  reserve  a  royalty-free, 
nonexclusive  and  irrevocable  right  to  reproduce,  publish,  or  otherwise  use  the  work  for  Federal  purposes,  and  to  authroize 
others  to  do  so  (DODGARS  §32.36).  The  views,  opinions  and/or  findings  contained  in  this  report  are  those  of  the  author(s)  and 
should  not  be  construed  as  an  official  Department  of  the  Army  position,  policy  or  decision,  unless  so  designated  by  other 
documentation. 


Approved  for  public  release;  distribution  is  unlimited. 


Significantly  improved  minority  carrier  lifetime  observed  in  a  long- 
wavelength  infrared  lll-V  type-ll  superlattice  comprised  of  InAs/lnAsSb 


E.  H.  Steenbergen,  B.  C.  Connelly,  G.  D.  Metcalfe,  H.  Shen,  M.  Wraback  et  al. 

Citation:  Appl.  Phys.  Lett.  99,  251110  (2011);  doi:  10.1063/1.3671398 
View  online:  http://dx.doi.Org/10.1063/1.3671398 
View  Table  of  Contents:  http://apl.aip.Org/resource/1/APPLAB/v99/i25 
Published  by  the  American  Institute  of  Physics. 


Related  Articles 

Electron  band  alignment  at  the  interface  of  (100)lnSb  with  atomic-layer  deposited  AI203 
Appl.  Phys.  Lett.  101, 082114  (2012) 

Planar  arrays  of  magnetic  nanocrystals  embedded  in  GaN 
Appl.  Phys.  Lett.  101, 081911  (2012) 

Structural,  morphological,  and  magnetic  characterization  of  Inl-xMnxAs  quantum  dots  grown  by  molecular  beam 
epitaxy 

J.  Appl.  Phys.  112,  034317  (2012) 

Subbandgap  current  collection  through  the  implementation  of  a  doping  superlattice  solar  cell 
Appl.  Phys.  Lett.  101, 073901  (2012) 

Carrier  localization  in  InN/InGaN  multiple-quantum  wells  with  high  In-content 
Appl.  Phys.  Lett.  101, 062109  (2012) 


Additional  information  on  Appl.  Phys.  Lett. 

Journal  Homepage:  http://apl.aip.org/ 

Journal  Information:  http://apl.aip.org/about/about_theJournal 
Top  downloads:  http://apl.aip.org/features/most_downloaded 
Information  for  Authors:  http://apl.aip.org/authors 


ADVERTISEMENT 


HAVE  YOU  HEARD? 


Employers  hiring  scientists 
and  engineers  trust 

physicstodayJOBS 

http://careers.physicstoday.org/post.cfm 


Downloaded  30  Aug  2012  to  128.174.191 .39.  Redistribution  subject  to  AIP  license  or  copyright;  see  http://apl.aip.org/about/rights_and_permissions 


APPLIED  PHYSICS  LETTERS  99,  251110  (2011) 


Significantly  improved  minority  carrier  lifetime  observed  in  a  long-wavelength 
infrared  lll-V  type-ll  superlattice  comprised  of  InAs/lnAsSb 

E.  H.  Steenbergen,1,a)  B.  C.  Connelly,2  G.  D.  Metcalfe,2  H.  Shen,2  M.  Wraback,2 
D.  Lubyshev,3  Y.  Qiu,3  J.  M.  Fastenau,3  A.  W.  K.  Liu,3  S.  Elhamri,4  O.  0.  Cellek,1 
and  Y.-H.  Zhang1 

lCenter  for  Photonics  Innovation  and  School  of  Electrical,  Computer  and  Energy  Engineering, 

Arizona  State  University,  Tempe,  Arizona  85287,  USA 

2U.S.  Army  Research  Laboratory,  RDRL-SEE-M,  Adelphi,  Maryland  20783,  USA 
3IQE,  Inc.,  Bethlehem,  Pennsylvania  18015,  USA 
4 Department  of  Physics,  University  of  Dayton,  Ohio  45469,  USA 

(Received  8  November  2011;  accepted  1  December  2011;  published  online  22  December  2011) 

Time-resolved  photoluminescence  measurements  reveal  a  minority  carrier  lifetime  of  >412  ns  at 
77  K  under  low  excitation  for  a  long-wavelength  infrared  lnAs/InAs0 72Sb().28  type-II  superlattice 
(T2SL).  This  lifetime  represents  an  order-of-magnitude  increase  in  the  minority  carrier  lifetime 
over  previously  reported  lifetimes  in  long-wavelength  infrared  InAs/Ga, _xInxSb  T2SLs.  The 
considerably  longer  lifetime  is  attributed  to  a  reduction  of  non-radiative  recombination  centers 
with  the  removal  of  Ga  from  the  superlattice  structure.  This  lifetime  improvement  may  enable 
background  limited  T2SL  long-wavelength  infrared  photodetectors  at  higher  operating 
temperatures.  ©2011  American  Institute  of  Physics,  [doi;  10. 1063/1 .367 1 398] 


The  InAs/Gai_xInxSb  type-II  superlattice  (T2SL)  is  the 
most  investigated  III-V  T2SL  material  for  mid-  and  long- 
wavelength  infrared  (MWIR  and  LWIR)  photodetectors. 
T2SLs  are  predicted  to  have  a  number  of  advantages  over 
the  currently  used  bulk  HgCdTe,  including  a  decreased  de¬ 
pendence  of  the  bandgap  on  compositional  non-uniformity, 
the  ability  to  leverage  III-V  manufacturing  capabilities,  the 
lower  cost  of  substrates,  a  higher  electron  effective  mass 
leading  to  smaller  tunneling  currents,  and  band-engineered 
lower  Auger  recombination  rates  and  thus  lower  dark  cur¬ 
rents.  1  However,  reported  minority  carrier  lifetimes  at  77  K 
are  50-80 ns  for  MWIR  InAs/Ga,_xlnxSb  T2SLs  (Refs.  2 
and  3)  and  10-40  ns  for  LWIR  InAs/Ga!_xInxSb  T2SLs 
(Refs.  2,  4  and  5)  as  compared  to  1  ps  for  Hg0  ,78Cd0.22Te 
(~  10  pm  bandgap).2  The  short  minority  carrier  lifetime  has 
been  attributed  to  Shockley-Read-Hall  (SRH)  recombination 
and  is  detrimental  to  the  device  dark  current  and  quantum  ef¬ 
ficiency.6  Calculations  show  that  a  350-ns  lifetime  must  be 
reached  for  a  LWIR  T2SL  pn  homojunction  photodiode  to 
achieve  background  limited  operation  (BLIP)  at  80  K  with 
F/6.5  optics  in  a  300  K  background.4 

Campaigns  to  improve  the  minority  carrier  lifetime  have 
led  to  investigations  of  the  InAs/Ga^  xInxSb  T2SL  interface 
type  and  density,  ’  as  well  as  doping  concentration,  ’  but 
have  thus  far  resulted  in  minor  or  no  improvements  in  the  car¬ 
rier  lifetime.  It  is  hypothesized  that  a  native  defect  associated 
with  InAs  or  GaSb  limits  the  carrier  lifetime.9  The  measured 
lifetimes  of  bulk  InAs  (~325  ns)  (Ref.  9)  and  bulk 
InAs0  80Sb02o  (250  ns)  (Ref.  2)  are  longer  than  that  of  bulk 
GaSb  (~  100  ns),9  suggesting  that  defects  associated  with 
GaSb  and  other  Ga-related  bonds  limit  the  lifetime  of  InAs/ 
Ga,_xInxSb  T2SLs  and  that  InAs/InAs]_xSbx  T2SLs  should 
have  a  longer  minority  carrier  lifetime  than  InAs/Gai_xInxSb 
T2SLs.  Furthermore,  InAs/InAsi_xSbx  T2SLs  have  been  suc- 


a)Electronic  mail:  Elizabeth.Steenbergen@asu.edu. 
0003-6951/201 1/99(25)/251 1 10/3/$30.00 


cessfully  demonstrated  for  MWIR  lasers  and  proposed  for 
LWIR  photodetectors.11  A  theoretical  comparison  between 
LWIR  InAs/InAsi_xSbx  and  InAs/Gai_xInxSb  T2SLs,  which 
excludes  SRH  recombination,  found  that  the  ideal  detectivities 
of  the  two  types  of  T2SL  devices  are  comparable  and  are  both 
greater  than  that  of  HgCdTe  devices.12  This  letter  reports  an 
order-of-magnitude  improvement  of  the  minority  carrier  life¬ 
time  for  a  LWIR  lnAs/InAs,_xSbx  T2SL  over  that  of  a  LWIR 
InAs/Gai_xInxSb  T2SL.  We  observe  a  carrier  lifetime  of 
>412  ns  at  77  K  under  low  excitation  for  an  InAs/ 
InAs0  72Sb0  28  T2SL  as  determined  by  time-resolved  photolu¬ 
minescence  (TRPL)  measurements.  This  improvement  in  mi¬ 
nority  carrier  lifetime  could  now  enable  LWIR  T2SL  BLIPs 
at  higher  operating  temperatures. 

The  InAs/InAs().72Sbo.28  T2SL  was  designed  with  AlSb 
barriers  for  TRPL  measurements.  The  AlSb  barriers  ensure 
that  the  measured  photoluminescence  (PL)  decay  time  is  due 
to  carrier  recombination  in  the  T2SL  and  the  influence  of  car¬ 
rier  transport,  surface  recombination,  or  any  junction  fields 
within  the  sample  is  minimized.  Studies  of  a  T2SL  homojunc¬ 
tion  have  shown  that  the  restoring  current  in  a  narrow- 
bandgap  junction  results  in  an  ostensibly  long  PL  lifetime.7 
The  sample  was  grown  by  molecular  beam  epitaxy  on  an 
undoped  2-in.  GaSb  substrate  with  a  500-nm  GaSb  buffer 
layer.  The  T2SL  consists  of  20  periods  of  InAs  (173  A)  and 
InAs0  72Sb0  28  (72  A),  with  a  total  thickness  of  ~500  nm.  The 
T2SL  is  unintentionally  doped  /7-type  (~3  x  1016cm  3  at 
10  K)  as  determined  by  Hall  measurements.  AlSb  barrier 
layers  (100  A),  above  and  below  the  T2SL,  are  used  to  confine 
the  electrons  to  the  superlattice  as  well  as  to  provide  an 
adequate  heavy-hole  barrier  of  over  lOOmeV.  The  entire 
structure  is  capped  with  100  A  of  p+  InAs.  PL  measurements 
show  peak  emission  at  8.2  pm  (150  meV)  at  77  K. 

TRPL  measurements  were  performed  on  the  InAs/ 
InAs0  72Sb0  28  T2SL  sample  at  11,  40,  77,  110,  150,  200,  and 
250  K.  An  ultrafast  laser  with  ~  1 00  fs  pulses  at  a  250  kHz 
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77  K 


Time  (ns) 

FIG.  1 .  (Color  online)  Time-resolved  photoluminescence  measurements  on 
an  InAs/InAs0.72Sbo.28  T2SL  at  77  K  for  initial  excess  carrier  densities  rang¬ 
ing  from  4.0  x  1015  to  1.0  x  1017cm~3. 

repetition  rate  with  2  pm  (0.62  eV)  emission  was  used  to 
excite  carriers  in  only  the  T2SL  region  to  excess  carrier  den¬ 
sities  between  1015  and  10l7cm  \  The  carrier  concentra¬ 
tions  were  calculated  using  an  absorption  coefficient  of 

I  O'1  cm  from  published  «-type  InAs  room-temperature 
absorption  data  at  0.62  6V.1 This  is  a  reasonable  absorption 
coefficient  value  given  that  the  laser  pump  energy  is  well 
above  the  SL  band  edge  energy.  The  PL  was  detected  with 
an  HgCdTe  detector  operating  at  200  K  with  a  3  ns  temporal 
resolution  and  a  1  x  1  mm2  detector  area.  A  3.6  pm  longpass 
filter  isolated  the  PL  signal  from  the  pump  laser  scattering. 
Further  details  of  the  experimental  technique  can  be  found  in 
Ref.  5. 

The  TRPL  signal  at  77  K  is  shown  in  Fig.  1  for  a  sam¬ 
pling  of  initial  excess  carrier  densities,  bpt=0,  between 
4.0  x  1015  and  1.0  x  1017  cm-3.  For  the  highest  bpt  =  0, 
1.0  x  1017cm-3,  a  fast  initial  decay  is  observed  in  the  PL 
signal,  and  the  instantaneous  PL  lifetime  increases  signifi¬ 
cantly  as  the  signal  decays.  At  the  lowest  initial  excess  car¬ 
rier  density  of  4.0  x  10l7cm“3,  the  PL  signal  approaches  a 
single  exponential  decay,  indicating  excitation  levels  are 
much  lower  than  the  background  doping  density  (approxi¬ 
mately  an  order  of  magnitude  lower),  and  we  are  approach¬ 
ing  the  low-excitation  regime.  As  described  in  Ref.  5,  at  a 
given  temperature  the  PL  intensity  is  only  a  function  of  the 
excess  carrier  density,  dp.  Therefore,  the  PL  data  taken  at 
lower  bp,  _  0  can  be  shifted  in  time  to  overlap  with  the  data 
taken  at  higher  bp,  _  0.  This  shifting  process  provides  a  com¬ 
bined  PL  decay  signal  with  an  improved  signal-to-noise  ra¬ 
tio.  Figure  2  shows  combined  curves  for  temperatures  from 

II  to  250  K  with  initial  excess  carrier  densities  of 
1.0  x  1017cm-3.  At  each  temperature,  the  decay  rate  of  the 
PL  signal  shows  a  strong  dependence  on  bp,  evolving  from  a 
faster  decay  in  the  first  100  ns,  which  corresponds  to  excess 
carrier  densities  >5  x  1016cm-3,  to  a  slower,  almost  single 
exponential  decay  at  the  tail  end  of  the  decay,  which  corre¬ 
sponds  to  excess  carrier  densities  <5  x  1 015  crrT 3.  This 
strong  dependence  of  the  carrier  lifetime  on  the  excess  car¬ 
rier  density  cannot  be  explained  by  SRH  recombination 
alone.  Contributions  from  radiative  or  Auger  recombination, 
which  vary  strongly  with  excess  carrier  density,  must  also  be 
considered. 


0  250  500  750  1000  1250 

Time  (ns) 

FIG.  2.  (Color  online)  Combined  temperature-dependent  time-resolved  pho¬ 
toluminescence  decay  measurements  on  the  sample  from  Fig.  1 . 

Under  typical  detector  operating  conditions,  only  very 
small  excess  carrier  densities  on  the  order  of  10I2cm  3  are 
expected,14  so  it  is  important  to  determine  the  carrier  lifetime 
in  the  low-excitation  regime  where  the  lifetime  is  independ¬ 
ent  of  the  excess  carrier  density  to  predict  device  perform¬ 
ance.  We,  therefore,  fit  the  tail  of  the  TRPL  data,  where  the 
excitation  level  is  low  (~1015cm-3)  compared  to  the  back¬ 
ground  doping  density  (~1016cm-3),  with  a  single  exponen¬ 
tial  decay  to  obtain  the  lifetime,  r,  at  each  temperature.  The 
resulting  PL  lifetimes  from  the  fit  are  plotted  in  Fig.  3 
(points)  as  a  function  of  inverse  temperature.  When  the  PL 
decay  rate  reaches  a  single  exponential  decay  in  the  low- 
excitation  regime,  the  PL  lifetime  is  equivalent  to  the  minor¬ 
ity  carrier  lifetime.  At  higher  excitation  levels,  however,  the 
PL  lifetime  is  shorter  than  the  minority  carrier  lifetime.  Since 
the  lowest  excitation  levels  used  in  this  study  are  just 
approaching  the  low-excitation  regime,  the  measured  PL 
lifetime  represents  a  lower  limit  of  the  minority  carrier 
lifetime. 

The  PL  lifetime  is  observed  to  increase  from  low  tem¬ 
perature  (11  K)  to  a  maximum  of  412  ns  at  77  K.  This  life¬ 
time  is  an  order-of-magnitude  longer  than  the  SRH-limited 
lifetime  of  ~30  ns  that  was  previously  observed  in  LWIR 
InAs/Gai  _xInxSb  T2SL  absorber  layers  at  77  K.2  4’5  The  tem¬ 
perature  dependence  of  the  lifetime  can  be  attributed  to  a 
combination  of  both  SRH  and  radiative  recombination.  For 
illustration,  the  temperature  dependence  of  the  SRH  lifetime 


FIG.  3.  Carrier  lifetimes  extracted  from  the  fits  in  Fig.  2  of  the  PL  decay  are 
shown  as  points  as  a  function  of  1000/T.  Also  plotted  is  the  temperature  de¬ 
pendence  of  the  SRH  lifetime  (tsrh  oc  T~l/2,  dotted  line),  radiative  lifetime 
(iRad  oc  T  3/2 ,  dashed  line),  and  a  combination  of  both  SRH  and  radiative 
lifetimes  (solid  line). 
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(tSrh  oc  T  i/2.  dotted  line),  radiative  lifetime  (tRad  oc  7  3/2 , 
dashed  line),  and  a  combination  of  SRH  and  radiative  life¬ 
times  (solid  line)  are  plotted  along  with  the  data  in  Fig.  3. 15 
At  temperatures  below  77  K,  the  PL  lifetime  increases  with 
increasing  temperature,  indicating  that  the  lifetime  is  domi¬ 
nated  by  radiative  recombination  and  that  the  radiative  life¬ 
time  is  shorter  than  the  non-radiative  (SRH)  lifetime.  At 
temperatures  above  77  K,  the  PL  lifetime  decreases  with 
increasing  temperature,  signifying  that  the  PL  lifetime  is 
dominated  by  SRH  recombination  and  the  radiative  lifetime 
is  longer  than  the  SRH  lifetime.  Around  77  K,  both  radiative 
and  SRH  recombination  contribute  significantly  to  the 
lifetime. 

The  improved  lifetime  observed  in  this  InAs/ 
InAso.72Sbo.28  T2SL  sample  offers  evidence  that  the  constitu¬ 
ent  InAs  and  InAsSb  layers  have  excellent  crystalline  proper¬ 
ties,  and  the  sample  possesses  a  low  density  of  non-radiative 
recombination  centers  at  the  interfaces  and  in  the  layers.  It  is 
important  to  note  that  this  sample  gives  a  strong  PL  signal 
and  has  excellent  structural  properties  with  an  x-ray  diffrac¬ 
tion  zero-order  satellite  peak  FWHM  of  40  arc  sec,  ruling 
out  the  possibility  of  a  long  carrier  lifetime  due  to  strong 
localization  of  photogenerated  carriers  by  interface  rough¬ 
ness  or  layer  thickness  fluctuations.  The  InAs/InAs0.72Sb0  2s 
T2SL  has  a  longer  lifetime  than  even  bulk  InAs  at  77  K  due 
to  the  decreased  radiative  transition  probability  compared  to 
that  of  a  direct  bandgap  bulk  material  resulting  from  a 
decrease  in  the  wave  function  overlap  in  the  type-II  structure. 
These  results  also  shine  some  light  on  the  origin  of  the  rela¬ 
tively  short  carrier  lifetime  (~30  ns)  in  LWIR  InAs/ 
Ga!_xInxSb  T2SLs,  which  could  be  due  to  the  non-radiative 
recombination  centers  associated  with  Ga  atoms.  Further¬ 
more,  the  “stabilized  Fermi  level”  due  to  intrinsic  point 
defects  in  bulk  GaSb  and  GaAs  is  near  the  valence  band 
edge  or  the  midgap,  respectively,16  leaving  mid-gap  trap 
states  available  for  SRH  recombination.  In  comparison,  in 
bulk  InAs,  the  stabilized  Fermi  level  is  above  the  conduction 
band  edge,16  rendering  any  mid-gap  defect  states  inactive  for 
SRH  processes,  as  demonstrated  by  relatively  high  photolu¬ 
minescence  efficiencies  in  As-rich  InAs/InAsSb  T2SLs.17 

In  summary,  we  observe  an  order-of-magnitude  longer 
minority  carrier  lifetime  (>412  ns  at  77  K)  in  the  LWIR 
InAs/InAs0.72Sb0  28  T2SL  sample  studied  compared  to  that 
observed  in  LWIR  InAs/Ga!_xInxSb  T2SLs.  In  addition, 
the  observed  carrier  lifetime  in  InAs/InAs0.72Sb0  28  is  longer 
across  all  measured  temperatures  than  that  previously 
reported  in  InAs/Ga,  _xlnxSb  T2SLs.  Measurements  on  sev¬ 
eral  other  InAs/InAsSb  T2SLs  similar  to  the  sample  pre¬ 
sented  here  also  show  substantially  longer  minority  carrier 
lifetimes  (100’s  of  ns).  We  attribute  the  recombination 
mechanism  to  both  SRH  and  radiative  recombination,  with 
comparable  contributions  from  both  near  77  K.  This  minority 


carrier  lifetime  improvement  may  now  enable  background 
limited  T2SL  LWIR  pn  photodetectors  at  higher  operating 
temperatures.  It  should  be  noted  that  the  InAs/InAs0.72Sb0  28 
T2SL  sample  growth  and  material  properties  have  not  been 
optimized  yet,  suggesting  that  there  is  still  room  for 
improvement  in  the  InAs/InAs!_xSbx  T2SL  minority  carrier 
lifetime.  Since  the  non-radiative  recombination  rate  has  now 
been  significantly  reduced,  future  studies  can  examine  the 
tradeoff  between  radiative  and  non-radiative  recombination, 
and  sample  designs  can  be  optimized  to  balance  lowering  the 
wave  function  overlap  to  decrease  the  radiative  recombina¬ 
tion  rate  with  increasing  the  wave  function  overlap  to 
increase  the  absorption  coefficient. 
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